Abstract: Liquefied natural gas (LNG) is recognized as a preferable alternative fuel for ship owners, since it can substantially reduce harmful emissions to comply with stricter environmental regulations. The increasing number of LNG-fueled vessels has driven up the number of LNG bunkering vessels (LNGBVs) as well. A key issue of LNGBVs is boil-off gas (BOG) generation, especially the huge amount of BOG that is generated during loading and unloading (bunkering) processes. This study proposes a hybrid system that combines conventional onboard LNG-fueled generators with an energy storage system (ESS) to solve the BOG issue of LNGBVs. This hybrid system is targeted at an LNGBV with the cargo capacity of 5000 m 3 . The amount of BOG generation is calculated based on assumed operation modes, and the economic study and the environmental analysis are performed based on the results. By comparing the conventional system to the proposed ones, some benefits can be verified: about 46.2% BOG reduction, 66.0% fuel saving, a 7.6-year payback period, and 4.8 tons of greenhouse gas (GHG) reduction for one voyage in the best case, with some assumptions. This proposed hybrid system using the ESS could be an attractive green solution to LNGBV owners.
Introduction
The air pollutant emissions from ships have increased over the last 50 years, and these have had negative impacts on the marine environment and human health [1] . In order to participate in global efforts to reduce harmful emissions, in April 2018, the International Maritime Organization (IMO) adopted an initial strategy to reduce the total annual greenhouse gas (GHG) emissions at least 50% by 2050 compared to 2008 [2] .
With increasing pressure to reduce emissions from ships, the liquefied natural gas (LNG) is recognized as an attractive solution in the marine industry. The utilization of LNG as a marine fuel is an attractive option, because it can remove sulfur oxides (SO X ) and particulate matter (PM) emissions completely, and it can reduce nitrogen oxide (NO X ) and carbon dioxide (CO 2 ) emissions [3] . In general, an engine running on LNG according to the Otto cycle has about a 25% lower level of CO 2 emissions and about an 85% lower level of NO X emissions when compared to a conventional diesel-fueled engine [4] . This enables compliance with the IMO Tier III level and SO X regulations in designated emission control areas (ECAs).
Because of the growth in numbers of LNG-fueled ships, the high LNG bunkering demand has been issued subsequently. Thus, more efficient delivery methods with larger capacity and higher rates [21, 22] Coral Methane 7500 2018 (retrofit)
Electric motor Yes Yes [23, 24] In order to solve the BOG issue for LNGBVs, some studies have been performed to verify the causes of dominant BOG generation during bunkering operations. Shao et al. [25] investigated the amount of BOG generation, and revealed that the amount of BOG is proportional to the temperature difference between the bunkering tank and the receiving tank. In other words, if the temperature of the receiving tank is higher, more BOG will return from inside the tank. Ryu [16] identified the primary causes of BOG generation and compared the BOG handling alternatives. In one handling alternative, Arias et al. [26] proposed hydrogen production through a steam-reforming plant using the excess BOG as raw material for a large LNG carrier. However, this area needs further studies to determine whether sufficient space is available, because an LNGBV has a much smaller space than an LNG carrier.
In this regard, this paper proposes another alternative to solve the BOG issue by using the energy storage system (ESS). The rest of this paper is structured as follows. In Section 2, detailed explanations of a target ship and the assumptions in this study are presented. In Section 3, two proposed systems are described based on the target ship. In Section 4, the amount of BOG generation and fuel consumption are calculated and compared with the conventional system. Additionally, an economic and environmental study based on the entire lifetime of a ship is performed in that section. Lastly, the results are reviewed, along with a conclusion. The novelty of this paper is a new approach to solve the BOG issue for LNGBVs by applying the ESS, and this could contribute to lessening environmental concerns in the marine industry.
Target Ship and Assumptions
The LNGBV for coastal trades might typically range from 1000 m 3 to 20,000 m 3 [27] . In this study, the target ship is set to have the storage capacity of 5000 m 3 for the receiving vessel, which is located within a short distance of about 27 nm (50 km). Its BOR is set to 0.3%/day for the laden voyage, and 0.08%/day for the ballast voyage considering several references [3, 4, [14] [15] [16] . The voyage concept for the target ship is shown in Figure 1 .
In order to solve the BOG issue for LNGBVs, some studies have been performed to verify the causes of dominant BOG generation during bunkering operations. Shao et al. [25] investigated the amount of BOG generation, and revealed that the amount of BOG is proportional to the temperature difference between the bunkering tank and the receiving tank. In other words, if the temperature of the receiving tank is higher, more BOG will return from inside the tank. Ryu [16] identified the primary causes of BOG generation and compared the BOG handling alternatives. In one handling alternative, Arias et al. [26] proposed hydrogen production through a steam-reforming plant using the excess BOG as raw material for a large LNG carrier. However, this area needs further studies to determine whether sufficient space is available, because an LNGBV has a much smaller space than an LNG carrier.
In this regard, this paper proposes another alternative to solve the BOG issue by using the energy storage system (ESS). The rest of this paper is structured as follows. In section 2, detailed explanations of a target ship and the assumptions in this study are presented. In section 3, two proposed systems are described based on the target ship. In section 4, the amount of BOG generation and fuel consumption are calculated and compared with the conventional system. Additionally, an economic and environmental study based on the entire lifetime of a ship is performed in that section. Lastly, the results are reviewed, along with a conclusion. The novelty of this paper is a new approach to solve the BOG issue for LNGBVs by applying the ESS, and this could contribute to lessening environmental concerns in the marine industry.
The LNGBV for coastal trades might typically range from 1000 m 3 to 20,000 m 3 [27] . In this study, the target ship is set to have the storage capacity of 5000 m 3 for the receiving vessel, which is located within a short distance of about 27 nm (50 km). Its BOR is set to 0.3%/day for the laden voyage, and 0.08%/day for the ballast voyage considering several references [3, 4, [14] [15] [16] . The voyage concept for the target ship is shown in Figure 1 . In order to solve the BOG issue for LNGBVs, some studies have been performed to verify the causes of dominant BOG generation during bunkering operations. Shao et al. [25] investigated the amount of BOG generation, and revealed that the amount of BOG is proportional to the temperature difference between the bunkering tank and the receiving tank. In other words, if the temperature of the receiving tank is higher, more BOG will return from inside the tank. Ryu [16] identified the primary causes of BOG generation and compared the BOG handling alternatives. In one handling alternative, Arias et al. [26] proposed hydrogen production through a steam-reforming plant using the excess BOG as raw material for a large LNG carrier. However, this area needs further studies to determine whether sufficient space is available, because an LNGBV has a much smaller space than an LNG carrier.
The LNGBV for coastal trades might typically range from 1000 m 3 to 20,000 m 3 [27] . In this study, the target ship is set to have the storage capacity of 5000 m 3 for the receiving vessel, which is located within a short distance of about 27 nm (50 km). Its BOR is set to 0.3%/day for the laden voyage, and 0.08%/day for the ballast voyage considering several references [3, 4, [14] [15] [16] . The voyage concept for the target ship is shown in Figure 1 . [28] In this study, the assumed LNG density is 446 kg/m 3 . This density can be different depending on its composition. In addition, the LNG composition is very crucial for meeting the required methane number to reduce knocking and misfiring risks in an LNG-fueled engine.
Besides, in this vessel, there are three gensets with 1.5-MW power each to supply electric power for propulsion as well as ship service loads; one or two gensets are sufficient to supply the load demands for all the operation modes, and the last genset is just for redundancy in accordance with the rule requirements [29] . These are all LNG-fueled gensets, so the BOG can be utilized for their fuel. Furthermore, the target ship is applied to the electric propulsion system due to its high station-keeping capability during bunkering operations. Its concept diagram is shown in Figure 2 , and the assumed specifications of the target ship are shown in Table 2 .
In addition, it is assumed that the target ship has no re-liquefaction unit for BOG handling; however, it reserves the weight and space margin for the future possible installation of the equipment. In general, the similar size of an LNGBV has the capacity of 500 kg/h for a re-liquefaction unit (Table 1) . Therefore, it is assumed that the ship has 17 tons as a weight margin and 48 m 3 as a volume margin as per the average value of the manufacturers' specifications [30, 31] .
Case Study

Proposed System
In order to reduce a considerable amount of BOG for the LNGBV, two ESS-hybrid power systems are suggested compared to the conventional system (S1). For the first proposed system (S2), the ESS is installed additionally with the limited capacity that is determined by the volume and weight marine discussed in Section 2. Secondly, the other system (S3) installs a greater capacity of ESS by eliminating one of gensets onboard. In this case, the additional capacity of the ESS is limited to the volume and weight of the one genset being replaced; these limit values are based on several manufacturers' specifications, as shown in Table 3 . The concepts of the proposed systems are described in Figure 3a ,b. (a) Proposed system (S2).
(b) Proposed system (S3). (a) the proposed system of S2, which has the ESS compared with the S1, and (b) the proposed system of S3, which has additional ESS compared with the S2 by eliminating one genset.
ESS capacity
The specifications of the ESS in this study are shown in Table 4 . In order to determine the ESS capacity under the volume and weight limits, the below equations are used, which are the results from a study [36] ; these developed the trends of volume and weight based on manufacturers' specifications.
Energy (a) the proposed system of S2, which has the ESS compared with the S1, and (b) the proposed system of S3, which has additional ESS compared with the S2 by eliminating one genset.
ESS Capacity
The specifications of the ESS in this study are shown in Table 4 . In order to determine the ESS capacity under the volume and weight limits, the below equations are used, which are the results from a study [36] ; these developed the trends of volume and weight based on manufacturers' specifications. Therefore, the maximum available ESS capacity is determined to 1250 kWh for S2, which is under the margin discussed in Section 2. For S3, the ESS capacity is determined as 3800 kWh considering the additional weight and volume margin by eliminating one genset (Table 3) . Even though the ESS is installed with the determined capacity, it cannot discharge or charge its energy fully, but its maximum useful energy (E usuable ) is reduced as below:
where E installed is the installed energy, k dod is the depth of discharge (DoD), and k is the safety margin considering temperature and aging factors, etc. In this study, k dod is assumed to be 80%, and k is assumed to be 1.2. Then, the maximum usable energy of the ESS for S2 is about 833 kWh, and about 2533 kWh for S3.
Results and Discussion
BOG and Fuel Comparison
The total mass of the BOG generated is depending on the volume of the LNG cargo capacity (V [ 
Furthermore, the fuel consumption of gensets is dependent on the required energy (E [kWh]) and specific fuel gas consumption (SFGC) [g/kWh], and the efficiency (η FGSS ) of the fuel gas supply system (FGSS). The FGSS is used to vaporize LNG and supply natural gas to gensets under the specified temperature and pressure conditions, and it consists of compressors, vaporizer, pumps, etc. Therefore, the amount of LNG fuel consumption of genset(s) is calculated as below:
where η FGSS is assumed to be about 60% in this study, and a small amount of pilot diesel fuel (less than 1% [37, 38] ) is not considered in this study for the simplification. The different SFGC values are applied according to the range of load factors (i), as shown in Table 5 . The amount of BOG generated is dominant during LNG loading at an LNG terminal and bunkering at a bunkering port. This amount is very fluctuating depending on the situations; therefore, it is denoted as L BOG for the BOG during loading operations, and B BOG during bunkering operations in this study. For the laden voyage, the BOG generated is not enough, and some additional LNG fuel is required. After LNG bunkering, the BOG generated is reduced because of the empty fuel tanks, so more LNG fuel is required to operate the gensets. The amount of BOG generated and the BOG consumed for each operation mode is shown in Table 6 . In the case of S3, which has two gensets, only one genset and the ESS can supply the required power during all the operation modes, except for the loading and bunkering modes. In other words, although one genset failed in the seagoing mode, the ship can return to the port safely by using the remaining standby genset.
The change of the BOG generated and consumed for the conventional system (S1) and proposed one (S2) are compared in Figure 4a , and between S1 and S3 are compared in Figure 4b . For the S2 and S3 cases, when the amount of BOG is too much, the BOG is consumed additionally by using it for the ESS charging. Therefore, the reduced amount of BOG can be about 117.7 kg/h for L BOG , 83.0 kg/h for B BOG in the case of S2, and 380.0 kg/h for L BOG , 238.3 kg/h for B BOG in the case of S3. If the L BOG and B BOG are assumed to be about 1000 kg/h each, the reduction rate compared with S1 is 15.2% for S2, and 46.2% for S3. In addition, when the amount of BOG is too small, the proposed systems require less LNG fuel by using the stored energy in the ESS. In other words, the fuel shortage of the gensets can be compensated by the ESS. Assuming that the BOR is a minimum of 0.08%/day and a maximum of 0.3%/day, the fuel consumption decreases to 20.2% for the S2 system, and 66.0% for the S3 system compared with the conventional system (S1). In addition, in the case of the higher BOR condition, the fuel reduction rate increases because of the increased amount of BOG ( Figure 5 ). 
Lifetime cost comparison
An economic study was carried out to compare the conventional power system and proposed ones based on the assumptions in Table 7 . In this study, only the main equipment was considered, so the initial capital expenditure (CAPEX) is the sum of the main equipment cost for each system. For the operational expenditure (OPEX), the fixed operations and maintenance (O&M) cost and gensets' fuel cost are considered. The variable O&M costs, which include the cooling water or consumable materials used in maintenance, are assumed to be negligible, because they comprise a relatively small portion in general power systems [39] [40] [41] . The changes of the power output and state of charge (SoC) of the ESS during one voyage are shown in Figure 6 . The SoC is calculated using the MATLAB/Simulink software (MathWorks, Natick, MA, USA) based on the defined specification in Table 4 . Figure 6a ,b show that the SoC of each ESS is within the allowable operation range of 10% to 90%. 
An economic study was carried out to compare the conventional power system and proposed ones based on the assumptions in Table 7 . In this study, only the main equipment was considered, so the initial capital expenditure (CAPEX) is the sum of the main equipment cost for each system. For the operational expenditure (OPEX), the fixed operations and maintenance (O&M) cost and gensets' fuel cost are considered. The variable O&M costs, which include the cooling water or consumable materials used in maintenance, are assumed to be negligible, because they comprise a relatively small portion in general power systems [39] [40] [41] . 
Lifetime Cost Comparison
An economic study was carried out to compare the conventional power system and proposed ones based on the assumptions in Table 7 . In this study, only the main equipment was considered, so the initial capital expenditure (CAPEX) is the sum of the main equipment cost for each system. For the operational expenditure (OPEX), the fixed operations and maintenance (O&M) cost and gensets' fuel cost are considered. The variable O&M costs, which include the cooling water or consumable materials used in maintenance, are assumed to be negligible, because they comprise a relatively small portion in general power systems [39] [40] [41] . 1 The cost is adjusted considering the difference in capacity from the reference value.
The cost of lithium-ion batteries (LIBs) is the assumed value obtained from manufacturers, and it is mostly higher than mass-produced land-based applications such as cars, power plants, etc. In general, the energy-type LIB is used to supply energy with a low C-rate for a long time, and the power-type LIB is used to supply energy with a high C-rate for the peak time. In this case, the ESS is set to operate with an 1.0 C-rate; thus, the energy-type LIB is selected, which is cheaper than the power-type. This LIB has to be replaced with new one after its lifespan of about 10 years, and the LIB cost is assumed to be cut down by 50% after a decade based on references [54, 55] .
In the case of the gas combustion unit (GCU), proposed systems can reduce its capacity because of the reduced BOG as discussed in Section 4.1. For S3, additionally, the capacity of the FGSS can be reduced by eliminating one of gensets; this cost saving is assumed to be $100,000 considering manufacturers' opinions.
Therefore, the cumulative saving cost of the proposed system is calculated as below. The initial investment is the additional cost of the proposed system (I S2 , I S3 ) compared to the conventional system (I S1 ). The replacement cost for the batteries (R B ) after each 10-year period is also considered as below. Furthermore, the total savings during N years (S total ) is the sum of the yearly savings (S n ), taking into account the interest rate (i) for the capital [56] .
The savings from the reduced fixed O&M cost (S Fixed O&M ) and the reduced fuel cost (S Fuel ) for N years are calculated each as below.
where F S1,2,3 is the fixed O&M cost, and G S1,2,3 is the LNG fuel cost for each system (S1, S2, and S3). Thus, the payback period is calculated by solving for n when the initial investment cost is equal to the sum of the yearly savings. The payback occurs where the curve passes through the zero of the y-axis in the case of the original values. For S2, the payback occurs at around 24.6 years, and for S3, it occurs at around 7.6 years firstly, and then it comes again at around 12.4 years due to the LIB replacement, assuming that the LNG fuel cost is $450/ton, the bunkering time is once a day, and the LIB cost is $500/kWh. In addition, the internal rate of return (IRR) is 5.1% for S2 and 9.1% for S3, which are higher than the assumed interest rate (5%). Therefore, both systems could be acceptable.
In accordance with critical variables, the payback period is changeable, as shown in Figure 7 for S2 and Figure 8 for S3. The proposed system of S2 seems to be uneconomical compared with the conventional one due to its long payback period and low IRR. However, S3 seems to be economical, particularly for some conditions: high LNG fuel cost, high bunkering times, and low LIB cost, etc. As shown in Equation (10), the CH4 that is the main constituent of LNG has significantly strong impacts on the total GHG emissions. In addition, if a 20-year conversion coefficient is applied, this gives larger impacts on the total GHG emissions due to a much higher CH4 conversion coefficient of 84; it is three times higher than the 100-year conversion coefficient [57] . Therefore, the excess of the BOG is not allowed to release directly into the atmosphere for environmental concerns as well as safety reasons [58] . Nevertheless, in an emergency situation, venting the BOG by activating the emergency release system (ERS) could be allowed to prevent hazardous situations. The amount of emissions generated by each system (ELNG(i)) according to its fuel consumption (C(i)) can be calculated as below using each emission factor (Ef), as shown in Table 8 . (a) LNG fuel cost variations (assumptions: bunkering = 1 time/day, LIB cost = $500/kWh). LIB: lithiumion batteries. In this study, GHG emissions are categorized into two parts. Firstly, emissions from the GCU (EGCU) are generated through the GCU for the LNG loading or bunkering mode, in that a huge amount of BOG is generated. Secondly, the emission from the genset(s) (EGEN) is emitted by its combustion operations, and which is proportional to its amount of fuel consumption. The amount of GHG emissions from each system is shown in Figure 9 based on Table 6 . 
GHG Emission Comparision
The SO X , NO X , and PM emissions from the LNG-fueled combustion operations are far less than those of the HFO fuel, as discussed in Section 1. Therefore, in this study, only GHG emissions are considered, which mainly consist of three emission types: carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O). GHG emissions are calculated using the CO 2 -equivalent global warming potential by directly summing the 100-year conversion coefficients recommended by the 5th Assessment Report (AR5) of the Intergovernmental Panel for Climate Change (IPCC) for the three main GHG emission types as below [57] :
As shown in Equation (10), the CH 4 that is the main constituent of LNG has significantly strong impacts on the total GHG emissions. In addition, if a 20-year conversion coefficient is applied, this gives larger impacts on the total GHG emissions due to a much higher CH 4 conversion coefficient of 84; it is three times higher than the 100-year conversion coefficient [57] . Therefore, the excess of the BOG is not allowed to release directly into the atmosphere for environmental concerns as well as safety reasons [58] . Nevertheless, in an emergency situation, venting the BOG by activating the emergency release system (ERS) could be allowed to prevent hazardous situations. The amount of emissions generated by each system (E LNG (i)) according to its fuel consumption (C(i)) can be calculated as below using each emission factor (E f ), as shown in Table 8 . [59] In this study, GHG emissions are categorized into two parts. Firstly, emissions from the GCU (E GCU ) are generated through the GCU for the LNG loading or bunkering mode, in that a huge amount of BOG is generated. Secondly, the emission from the genset(s) (E GEN ) is emitted by its combustion operations, and which is proportional to its amount of fuel consumption. The amount of GHG emissions from each system is shown in Figure 9 based on Table 6 . Even though the EGEN for the proposed systems is a little bit higher than that for a conventional system (1.3% for S2, and 2.1% for S3) due to the ESS charging, S2 and S3 have less GHG emissions in total due to the reduced EGCU. Therefore, the amount of GHG reduction per voyage can reach 1.46 tons (5.2%) for S2 and 4.75 tons (16.8%) for S3. If an LNGBV operates one voyage per day, the amount of GHG emitted during a year can be reduced up to about 533 tons for the S2, and about 1734 tons for S3. To put these figures in perspective, they are equivalent to the emissions from 122 gasolinefueled cars for S2 and 396 cars for S3, assuming that a car travels 11,500 miles per year with 381 g CO2-eq per mile [62, 63] .
Conclusions
This paper presents a new alternative to solve the excessive BOG issue for LNG bunkering vessels. Two types of hybrid systems combining conventional genset(s) with ESS are proposed; the first system (S2) has 1250-kWh capacity and the second system (S3) has a capacity of 3800 kWh. For each system, the amount of the BOG generated and its fuel consumption are calculated and compared with the conventional one (S1). Then, the economic and environmental benefits are compared for each system. The results of this study are summarized as follows.
• Using the ESS with genset(s) can have eco-economic benefits: BOG reduction (from 15% to 46%), fuel reduction (from 20% to 66%), and GHG reduction (from 5% to 17%). When comparing S2 and S3, S3 appears to be more economical and environmentally-friendly.
• Even though S2 seems to be uneconomical due to its long payback period (24.6 years), it can contribute to reducing GHG emissions (1.46 t/voyage). Even though the E GEN for the proposed systems is a little bit higher than that for a conventional system (1.3% for S2, and 2.1% for S3) due to the ESS charging, S2 and S3 have less GHG emissions in total due to the reduced E GCU . Therefore, the amount of GHG reduction per voyage can reach 1.46 tons (5.2%) for S2 and 4.75 tons (16.8%) for S3. If an LNGBV operates one voyage per day, the amount of GHG emitted during a year can be reduced up to about 533 tons for the S2, and about 1734 tons for S3. To put these figures in perspective, they are equivalent to the emissions from 122 gasoline-fueled cars for S2 and 396 cars for S3, assuming that a car travels 11,500 miles per year with 381 g CO 2 -eq per mile [62, 63] .
•
Even though S2 seems to be uneconomical due to its long payback period (24.6 years), it can contribute to reducing GHG emissions (1.46 t/voyage).
The payback period can be shorter for some conditions: high LNG fuel cost, high bunkering times, and low LIB cost.
Through this study, it was confirmed that the problem of BOG fluctuations of LNGBVs can be solved using the ESS. However, the following topics require further future study:
• A comprehensive comparison between the re-liquefaction facility and the proposed ESS-hybrid system as a solution for the BOG issue, focusing on the economic feasibility, the environmental-friendliness, required space and weight, etc.
• An additional consideration would be required for a longer distance voyage; S3, which has only two gensets, is only possible for short distances due to the power redundancy requirements.
An additional consideration would be required for the LNG density, which is different depending on its actual composition.
In the case of the re-liquefaction facility, the fuel savings by re-liquefying the BOG is a main advantage, while the additional fuel consumption due to the increased electric power is a disadvantage. In addition, the re-liquefaction efficiency, which is dependent on the type of re-liquefaction process, should be considered in the economic analysis.
The number of LNG-fueled vessels has been increasing rapidly, and there are 143 LNG-fueled vessels in operation worldwide as of January 2019 [64] . In addition, the LNG bunkering infrastructure is being developed at major ports including Zeebrugge port, Rotterdam port, and Singapore port. These LNG bunkering ports are mostly serviced with small-scale LNG bunker ships such as this target ship [65] ; thus, the number of LNGBVs is also expected to boost in the near future. Therefore, this proposed ESS-hybrid power system would contribute to increasing the LNGBV market by solving the BOG issues as well as environmental concerns in the marine industry.
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